infrared and Raman spectra of 2ohloropropane, 2-ohlorobutane and dZ-and meso-2,4-diohloropentane have been analyzed in order to assign the torsional force constants in the valence force field for secondary chlorides. Band assignments have been based on experimental data as well aa preliminary normal vibration oaloulations. With incorporation of torsional force constants, and a global refinement of the foroe field, the observed low frequency bands of the above molecules, as well as those of 3-chloropeatane, are very well aoaounted for. DUBINU the last decade normal coordinate analysis has been used effectively as a s~~troscopi~ tool in the study of molecular and polymer sects [l-9]. In addition to work on hydrocarbon polymers, some effort has been devoted to the use of such analyses of the characteristics of vibrational spectra to study the conformational structure of secondary chlorides and related polymers [IO-131.
Al&r&--Par
infrared and Raman spectra of 2ohloropropane, 2-ohlorobutane and dZ-and meso-2,4-diohloropentane have been analyzed in order to assign the torsional force constants in the valence force field for secondary chlorides. Band assignments have been based on experimental data as well aa preliminary normal vibration oaloulations. With incorporation of torsional force constants, and a global refinement of the foroe field, the observed low frequency bands of the above molecules, as well as those of 3-chloropeatane, are very well aoaounted for. DUBINU the last decade normal coordinate analysis has been used effectively as a s~~troscopi~ tool in the study of molecular and polymer sects [l-9] . In addition to work on hydrocarbon polymers, some effort has been devoted to the use of such analyses of the characteristics of vibrational spectra to study the conformational structure of secondary chlorides and related polymers In most of these studies the bending and torsional modes which occur at frequencies below 300 cm-l have been inadequately treated. In many cases this region of the spectrum has been completely neglected. This neglect has been juatifled on the basis that torsional modes have a relatively small effect on other infrared vibrations, i.e., internal rotations are isolated and uncroupled to other intramolecular vibrations. As early as 1965, however, NIYAZAWA and FUKUS~ [14] warned that, for si~c~t refined treatments of the methylene (CHJ rocking and G-G-Cl bending vibrations, the modes due to internal rotation could not be ignored. However, the lack of experimental data on these far infrared bands made it impossible to include force constants for the prediction of internal rotation vibrations in force field refiement procedures. The single exception is ethane. The general valence force field for ethane [l] contains a diagonal torsion force constant, H, = 0.072 mdyn-Alrad.2 which was taken to fit the torsional frequency of ethane at 280 cm -l [15] .
This force constant for internal rotation in ethane has been transferred without change to the force fields of the normal paratis and polyethylene [l] , neo-pentane [16] , primary chlorides [6] , secondary and primary bromides [5] and very recently to secondary iodides [a] . In our study of secondary chlorides, which incorporates far infrared and Reman data, we have found that this torsional force constant is not transferable.
The force constants which are required in order to predict the frequencies of hindered rotations in ethane, 1-chloroethane, 2-chloropropane and 2-chlorobutane are determined not simply by the presence of a methyl rotor but also by the other constituents attached to the carbon-carbon bond around which the torsional vibrations occur. Moreover, for 2-chloropropane the two torsional modes interact and the frequencies are split. Unlike propane, in order to reproduce the splitting in a normal coordinate calculation of 2-chloropropane an interaction torsional force constant is needed.
The problem is made more evident by a specific consideration of ethane and its If these more recent values are correct, and if the torsional force constant for ethane is transferable to a general valence force field for all liquid normal paraffins, the earlier value of H, = 0.072 mdyn-A/red 2 should be adjusted to fit the frequency of the liquid phase torsional mode at 310 cm-l In spite of this apparent inapplicability of a torsional force constant of H, = 0.072, it does predict well the observed torsional frequencies in propane : the internal rotations in propane are observed at 223 cm -l and 208 cm-1 [19] , and are predicted by normal coordinate analysis at 220 cm-l and 200 cm-l [l] . With respect to other normal paraffins, no far infrared bands have been reported. As a result, although torsional frequencies have been calculated, no criteria are available for ascertaining their validity.
When the original torsional force constant of SNYDER [l] was used in normal coordinate analyses of primary chlorides and bromides, the correlation between observed and predicted internal rotation frequencies was inferior to that obtained for other frequencies. The torsional vibration at 253 cm-l is predicted at 207 cm-l. A test calculation on 1-chloroethane indicated that a torsional force constant of O-1174 was required in order to predict the torsional frequency at 253 cm-l as observed.
Likewise, the CH,-CH,Cl internal rotation in 1-chloropropane is calculated at 94 cm-l [6] when the old value of 0.072 is used for the torsional force constant. It is probable, however, that the band observed at 140 cm -l [23] should be assigned to this CH,-CH,Cl internal rotation in l-chloropropane. Again a torsional force constant which is larger than O-072 is needed in order to predict the observed frequency of the torsional vibration.
The present work addresses itself to reporting new infrared and Raman spectra below 300 cm-l for 2-chloropropane, 2chlorobutane and for dl-and meso-2,4-dichloropentane, to assigning these and previously observed far infrared and Raman bands, and to the development of torsional force constants for secondary chlorides. The far infrared and Raman spectra of $chloropentane, which were recorded by CARACULACTJ [20] , are also assigned.
The WILSON GF method [21] is used to calculate the normal modes of all molecules analyzed. The s vectors for atomic motions associated with torsional coordinates are constructed from the sum of three trans-torsional rotations, i.e., the motion of eight atoms. Our approach to the assignment of these modes and the development of the associated torsional force constants for secondary chlorides parallels the method used by OPASKAR and &XMM [2] to obtain the secondary chloride potential field. Initially the force constant H, = 0.072 was added to the general valence force field for the 2-and 2,4-chlorine-substituted hydrocarbons. Using this force field, model calculations were done on 2-chloropropane, 2-chlorobutane and on dl-and meso-2,4-dichloropentane. From these model calculations the torsional and far infrared bending modes were assigned to observed data. Finally, the entire force field was subjected to a series of least squares refinement procedures. In this paper all of the torsional and bending modes below 360 cm-l are reported with their respective assignments.
EXPERIMENTAL
Low frequency infrared spectra were recorded on a Perkin-Elmer Model 301 spectrometer. Double beam operation was employed, the frequencies being reliable to ~3 cm-l. For liquid phase spectra, high density polyethylene cells were used. In the low temperature studies, temperatures of 77'K were obtained. CsI and polyethylene windows were used for spectra down to and below 200 cm-l, respectively. The infrared spectra for 2chloropropane are given in Fig. 1 , for 2chlorobutane in Fig. 2 , and for meso-2,4_dichloropentane in Fig. 3 . The Raman spectra from 360-100 cm-l of meso-and dl-2,4-dichloropentane were recorded on a Spex Ramalog Spectrometer, Model 1401, and are given in Figs. 4 and 5.
ASSIGNMENTS %Chloropropane OPASKAR and KRIMM correctly assigned all of the stretching and bending vibrations of 2ehloropropane by a comparison of its spectrum with that of propane and an analysis of its gas phase infrared band contours [2] . Subsequently, A model norm&I coordinate caicuktion which used the earlier force field for secondary chIorides f23 plus Ejl, = 0.072 WBB done on 2-chloropropaue. This calcubtion predicted torsional frequencies at 200 cm-l and X98 em-l. (Recall that the force field which oontaiued this same diagonal force constant, when used in a normal coordin&e ana&& of propane, predicted a 20 cm-1 separation between the frequencies of the symmetric snd antis~metric internal rotations [l] .) Our inabiIity to predict any significant splitkg iu 2-chloropropane caused some ooncern until another 2-halopropane was considered. In 2-bromopropane, KLABOE [22] observed the two internal rotation frequencies at 267 cm-l and 249 cm-l. MCDEVZTT [23] also observed these two frequencies at 265 cm-l and 244 cm-l. However, a forae field whose only torsional element is H, = O-072 prediots these torsional frequencies at 199 cm-l and 198 cm-l [5] . The above results emphasize what was indicated by studies of l-chloroethane and l-chloropropane, i.e., in halide substituted hydrocarbons larger torsional force constants are required than in the normal paraffins. In addition they show that for the 2-halopropanes an inters&ion element must be introduced into the force field in order to predict correctly the observed splitting between the two torsional frequencies.
In the torsional portion of our potential field, such an interaction force constant between two CH, CHCl torsions was used. By increasing the diagonal force constant from O-072 to 0.13 mdyn-A/rad.2, and by introducing an interaction force constant f7= = 8.6 x 10-3, we were able to predict in a normal coordinate analysis of 2-chloropropane two internal rotation frequencies at 273 cm-l and 256 cm-l, as observed. The effect of an interaction force constant is also to improve the frequencies calculated for propane. 
2Ehbrobutane
Excluding a very weak shoulder at 290 cm-l which disappears at low temperatures, only three far infrsred bands were observed for 2-chlorobutane, at 244 cm-l, 226 cm-l and 77 cm-l ( Fig. 2) . At low temperatures the band at 226 cm-l shifted to 228 cm-l and increased in intensity relative to the 244 cm-l band. The 77 cm-l band was observed only at room temperature. MCDEVITT et al. [23] also observed the higher two of these three frequencies.
At room temperature 2-chlorobutane exists as a mixture of three rotstional isomers, uSn, uSo and nSn,. (In this notation, the subscripts give the atoms trans to the Cl atom &cross the C-C bonds which join at the secondary chlorine C atom.) Since the carbon-chlorine stretching frequencies were known for each of these isomeric forms, OPASKAR and KRIMM [2] assigned the vibrational spectrum of uSu 2-chlorobutane by noting that the intensity of the bands associated with this rotational isomer usually increased with decreasing temperature. Their logic leads us to assign the band at 228 cm-l to the uSu isomer, the 244 cm-l band to both the uSu and nSc isomers, and the 77 cm-l band to the uSc isomer. Four uSu 2-chlorobutane vibrational modes were not ctssigned by Opsskar and Krimm, a CH,-CHCl torsion, a CHCI-CH, torsion, a CH,-CH, torsion, and a combined C-C-Cl, C-C-C bending mode. Model calculations on the uSu and us0 isomers predicted the CH,-CHCI torsion at about 260 cm-l, the CH,-CHCl at 77 cm-l, the CH,---CH, at 189 cm-l, and the bending mode at approximately 225 cm-l. The potential field used in this calculation contained diagonal torsional force constants of 0.13 mdyn-A/ rad2 for the CH,CHCI torsion and O-072 mdyn-A/r&d2 for the other two torsions. As a result of these calculations the band at 244 cm-l was assigned to the CHs-CHCl internal rotation, the 77 cm-l to the CH,---CHCl torsion, and the 226 cm-l band to a combined C-C-C and C-C-Cl bending vibration. The CH,-CH, torsional mode was assumed not to be observed. It was necessary in the final refinement procedure to assign slightly different torsional force constants to the CH,-CHCl internal rotation in 2-chloropropane and in 2-chlorobutane. This initially led us to question these sssignments for 2-chlorobutane. However, results for dl-and meso-2,4-dichloropentane confirmed the assignments of the 244 cm-l and 228 cm-l bands in %chlorobutane. The correctness of the 77 cm-l assignment is verified by our normal coordinate calculations on 3-chloropentane.
2,4-Dichloropentane
For the preferred TT conform&ion of the dl stereoisomer of 2,4-dichloropentane, several previously unreported Raman bands were observed, at 315 cm-l, 273 cm-l, 150 cm-l and very weak absorptions at approximately 245 cm-l and 120 cm-l. For the meso conformer of 2,4dichloropentane, new infrared and Raman data were observed at 245 cm . Using the same force field which was used to assign the previously unassigned bands of 2-chlorobutane, model calculations were done for the two stereoisomers of 2,4-dichloropentane. The results suggested that the force field could be satisfactorily transferred to 2,4dichloropentane. The 245 cm-l band was assigned to the CH,CHCl torsions in the meso form. The band at 276 cm-l in dl-2,4-dichloropentane was identified as a bending mode which shifted to 228 cm-l in the meso isomer. The 120 cm-l and 118 cm-l bands are also bending modes in the dl-and meso-forms, respectively.
FORCE FIELD
With the above assignments, the complete force field for secondary chlorides was subjected to a least squares refinement procedure. The method used was the one introduced by KINCJ [24] . Although the final complete secondary chloride force field is reported elsewhere [25], we will describe in a general way the procedure followed. OPASKB and KRIMM [2] reported a force field for secondary chlorides which was composed of the valence force field for saturated hydrocarbons determined by SNYDER [ 161 and a force field for primary chlorides which had been adjusted to render it applicable to secondary chlorides [6] . The force field for saturated hydrocarbons has since been adjusted to render it more effeotive for both planar and nonplanar conformations, i.e., liquid n-para5s [l] . This new force field, combined with the force field for secondary chlorides, made up the initial potential field used in this work. After the assignments described above had been made, all force constants which had been transferred from Ref. [2] and all torsional force constants were refined. The observed frequencies of 2-ohloropropane, n S n and &So 2-chlorobutane, and of dl-and meso-2,GIiohloropentane were used in the refinement procedure. The resulting refined force field was then used in normal coordinate analyses on four isomers of 3-chloropentane. Subsequent calculations on isomers of 2,4,6-trichloroheptane [26] , and on poly(viny1 chloride) and its deuterated derivatives [27] , support the validity of this force field.
RESULTS
The observed and calculated normal frequencies of 2-chloropropane below 600 cm-l, with associated potential energy distributions, are given in Table 1 . The agreement between observed and calculated frequencies is very good. The torsional mode with A' symmetry is assigned to the lower of the two observed values for internal rotation. This assignment is consistent with polariaation data reported by KLABOE [22] for 2-iodopropane. No polarization data were observed for either of the torsional modes in 2-chloropropane.
Although the 2-chlorobutane molecule has no symmetry, our analyses were done in terms of a group of coordinates which characterize the normal modes in terms of special group frequencies. Table 2 gives the results of normal coordinate analyses on the three isomers of 2-chlorobutane. The nSn* isomer was not included in the refinement procedure. The correlation between the observed and calculated frequencies for 2-chlorobutane is remarlrable. Some spectroscopists who have observed the 244 cm-l and the 226 cm-l bands in 2-chlorobutane have assigned these bands either both to methyl torsions [23] or the 244 cm-l band to C-C-Cl bending and the 226 cm-l band to a methyl torsion [4] . In the refinement procedure all observed frequencies for 2-chlorobutane are listed in numerical order. Often when serious assignment errors have been made, frequencies either do not converge to assigned values, or a tendency is observed of misassigned modes to approach their correct values by exchanging places in the numerical ordering. This did not happen. However, although we call the band at 226 cm-l a bending mode, the elements of the Jacobian matrix and the potential energy distribution for this mode show considerable contributions from the CH,-CH, internal rotation.
For 2,4dichloropentrtne only the TT conformation of the dl stereoisomer and the TV conformation of the meso stereoisomer were considered. The results for the 2,4dichloropentanes are given in Tables 3 and 4 . The excellent agreement between observed and calculated frequencies for this molecule supports the validity of our potential function for secondary chlorides.
Two observed features of the far infrared spectra of the model compounds considered here have not been discussed: a band at approximately 67 cm-l, which to an observed absorption at 241 cm-l. This discrepancy could reflect the fact that the CHs-CHCI-CH, environment was not included in the refnrement procedure, or that the actual geometry deviates from the tetrahedral geometry and standard conformational angles used.
CONCLUSIONS
We have assigned the far infrared spectra of a group of representative secondary chlorides. To do this it was necessary to include torsional modes in the existing force field for secondary chlorides and to subject this complete force field to a refinement procedure. The good agreement between observed and calculated far infrared frequencies of 2-chloropropane, 2-chlorobutane, dl-and meso-2,4dichloropentanes supports our assignments and force field. Our study indicates that with respect to torsional force constants, transferring these from hydrocarbons to secondary chlorides is not justified. The complete general valence force field for secondary chlorides 1251, and the results of extending this force field to other chlorides [26] and to poly(viny1 chloride) [27], will be reported later.
